INTRODUCTION
The design and construction manual of Reinforced Earth Arm áee wall does not consider any water in and adjacent to the reinforced soil. Similarly, little attention is paid to inˆltration of rainfall water from the surrounding area. Nevertheless, the Reinforced Earth using metal strips has been popular in use for constructing local roads in mountainous area in Japan, where the attack of seasonal heavy rainfalls is commonly encountered. Moreover, when considering the need for reducing the construction cost, local government is often obliged to use local soils with low permeability and low friction angle in constructing Reinforced Earth wall. Despite that the stability of reinforced walls is usually threatened by rainfalls (e.g., see Kutara et al., 1991) , a proper drainage system around the wall tends to be optional, not obligatory, in the light of the current format of the design and construction manual for this type of wall. Geotechnical engineers have therefore been concerned with the shortterm stability of Reinforced Earth in the event of annual typhoon attacks as they are constructed in a mountainous region. Unfortunately, such a worry became a reality in the case study described in this paper.
At around 1:40 am on 21st of October 2004, a huge landslide involved with a catastrophic failure of Reinforced Earth wall took place in the mountainous area of Yabu city in northern part of Hyogo Prefecture in west Japan. The time of occurrence of the incident was quite exact by the record of an emergency phone call from a local resident to Yabu local government o‹ce. Figure 1 shows a picture of the wall failure that was taken a few months after the incident.
The urgent matter that after required attention was to ensure short-term safety of neighboring inhabitants against occurrence of any further slope disasters. Accordingly, under the authority of Yabu city government, comprehensive geotechnical site investigation was carried out over six-month period after the incident. In addition, in an attempt to back-analyze properly the stability of the collapsed wall, a series of direct shear box tests in simulating the mode of undrained shear of the foundation soil was carried out in the Geotechnical Engineering Laboratory at Kobe University.
In this paper, based on the results of geotechnical site investigation, key factors responsible for the wall collapse are manifested, and the scenario of the wall failure is discussed in depth by performing a conventional stability analysis with detailed soil proˆle and the strength data of the local soil.
OUTLINE OF THE WALL FAILURE
The construction of the reinforced wall was completed in the year of 2000, i.e., four years before the incident. Figure 2 shows a topographical map of the site showing the condition immediately after the failure of the wall. The numbers shown in thisˆgure refer to spots from where some pictures immediately after the incident were taken in order to obtain any clues into the failure mechanism (Shibuya and Kawaguchi, 2006) . The landslide took place over a length of about 150 m along the slope involved with the collapse of the wall over 80 m length along the road. It was obvious in the map that the slope over which the wall failure occurred consisted of a couple of small valleys. Moreover, the road was inclined about 7z from West (right hand side in Fig. 2 ) to East (left hand side in Fig. 2 ). These topographical surroundings would have brought about some concentration of surface W ground water into the collapsed portion of the road during the heavy rainfall.
Several key observations from comprehensive survey performed immediately after the incident (Shibuya and Kawaguchi, 2006) are: i) Parts of the wall (i.e., concrete skins and metal strips) reached to the end of debris ‰ow, ii) Neither damage of metal skins nor breakage of metal strip W concrete skin joints was found, iii) The remainder of the wall stood in good shape, iv) The metal strips remaining on the side wall of wall were all inclined at an angle of 24-26 degrees from the horizontal that was equal to the supposed slip surface angle on the foundation (Fig. 3) , and v) Rainfall water poured into the collapsed area during rainfall. Regarding the remark iv), it was observed that the metal strips in the remained wall aligned horizontally just like the arrangement when the wall was constructed. It should be mentioned that the collapsed wall was as high as 23 m. To the authors' best knowledge, such a huge collapse as that of Reinforced Earth wall has not been reported in the literature.
RAINFALL RECORD
As mentioned earlier, the incident took place at 1:40 am on 21st October in 2004. Figure 4 shows the intensity of rainfall with time over three days before and after the incident. It should be mentioned that the data was recorded at an observatory very close to the site. Heavy rain with the intensity in excess of 10 mm per hour continued over eight hours (1 pm-8 pm) on 20th October. Note that the amount of 226 mm of rainfall was certainly the peak record over the past eight years in this region. It may well be postulated that this heavy rainfall was the trigger of the disaster. i) Local geomaterials, i.e., weathered silty soil originated from yellow tuŠ, with theˆnes content well in excess of 25z was employed for constructing the wall, noting that Fig. 6 shows the distribution curve of several samples from B2 layer, ii) Drain pipe with a small diameter of 200 mm was employed at the bottom of the wall, but it did not extend to cover an area behind the wall ( see Fig. 5 ), iii) The surface of the road had been unpaved over the past four years, and iv) SPT N-value in the foundation ranged between 15 and 20, which was surprisingly low to support the soil wall with the maximum height of 23 m. It should be mentioned that in the construction of the wall, the local soil was mixed with cement-based stabilizer in order to secure prescribed friction between metal strips and the soil. As stated later, the soil stabilization treatment has reduced the permeability of in-wall soil to a considerable extent.
GEOTECHNICAL SITE INVESTIGATION

Sounding
The site is covered with heavily weathered soil originated from yellow tuŠ. Geotechnical site investigation performed is shown in Fig. 7 . The scheme consisted of SPT sounding and in-situ seismic survey to cover the survived as well as the collapsed portions of the wall. The SPT sounding along three survey lines from south to north involved with soil sampling by using the Japanese thin-wall sampler. Spectrum analysis of surface wave (SASW) (Stokoe et al., 1988) was also carried out at the survived parts of the wall.
Cross sections of the wall depicted from these geotechnical investigations are shown in Fig. 8 . As seen in Fig. 8 , the subsoils may be conveniently characterized into seven layers as described below: Road Embankment i) Surface layer (B1-layer) with the SPT N-value ranging from 1 to 11 ( N＝5 on average), non-uniform and theˆnes content ranged from 30 to 80z, ii) Improved layer (B2-layer) with the SPT N-value ranging from 15 to 18 ( N＝16 on average), relatively uniform and theˆnes content ranged from 31 to 46z, iii) Behind the wall layer (B3-layer) with the SPT N-value ranging from 2 to 5 ( N＝4 on average), non-uniform and comprising gravel-size particles about 30-40z by weight, and iv) Base layer (Fi-layer) with the SPT N-value average of 17.
Surface Soil W Foundation i) Surface soil (Dt-layer) with the SPT N-value ranging from 3 to 5 ( N＝4 on average) ii) Weathered rock layer (Wr0-layer) with the SPT N-value ranging from 5 to 50 ( N＝22 on average), and a clear trend of N-value to increase with depth, and iii) Foundation rock (Wr1-layer) with NÀ50. It is to be noted that the wall rests on Wr0-layer with N-value of 22 on average. It should also be mentioned that the permeability from in-situ test was in the order of 10 -5 (m W s) for weathered rock layer (Wr0-layer), whereas it was smaller by one order of magnitude in the road embankment (i.e., B1, B2 and B3 layers).
Spectrum Analysis of Surface Wave (SASW)
SASW survey is a non-destructive method by which the proˆle of shear wave velocity, Vs, with depth is easily manifested down to the depth of about 20 m. Figure 9 shows the result of the survey performed at west end of the remaining wall ( see Fig. 7 ). In thisˆgure, the N-value estimated using the following empirical expression is also shown for comparison.
where the constants, a＝0.314, b＝97 (m W s) were employed (Imai et al., 1975) .
The following may be noted: i) The shear wave velocity, Vs, ranged from 150 m W s to 360 m W s as examined down to depth 20 m, ii) The proˆle of estimated N-value using Eq. (1) is similar to the measurement, indicating that the N-value of weathered rock (Wr0-layer) is far less than 50 throughout the layer. The e‹cacy of the SASW method was well demonstrated in this investigation that it provided 2-D picture of N-value proˆle with depth, from which the soil layering shown in Fig. 8 was determined with reasonable conˆ-dence.
Laboratory Shear Tests
Two kinds of laboratory tests were performed in order to obtain soil strength in use for back-analyzing the wall failure. In theˆrst place, a series of unconsolidatedundrained triaxial compression tests (i.e., triaxial UU test) was carried out using intact samples from diŠerent Table 1 and Table 2 . Note that the soil samples from not only embankment but also the foundation were all close to full saturation. As a result, the angle of shear resistance q from triaxial UU test was small with the values less than 10 degrees. The cohesion, c, was 46 kPa and 68 kPa for improved layer (B2) and unimproved layer (B3), respectively.
Secondly, two series of constant-volume direct shear box tests were performed using reconstituted samples retrieved from the slip surface. A block sample wasˆrst prepared from the slurry with the initial water content approximately equal to liquid limit (i.e., 50-60z). Figure  10 shows the direct shear box apparatus developed at Hokkaido University (Shibuya et al., 2001 ). The load control as well as data acquisition is fully automated with an aid of PC. The nominal dimension of the specimen was 6 cm in diameter and 4 cm high. The gap between the upper and lower shear boxes was maintained at a constant value of 0.5 mm during shear, noting the mean diameter of about 0.1 mm for the soil tested. The soil density was 1.7-1.8 g W cm 3 being very close to the in-situ density.
Regarding a sketch shown in Fig. 11 , three samples in theˆrst series were each consolidated to the vertical consolidation stress, svc of about 200, 300 and 400 kPa, respectively. Afterwards, the samples were sheared under constant-volume conditions by using a constant rate of horizontal displacement of 2 mm W min. The undrained eŠective stress paths of this conventional consolidatedundrained (CU) test are shown in Fig. 12 , in which the variation of normal (＝vertical) eŠective stress is plotted against the horizontal shear stress, t. The eŠective strength parameters of (c?, q?)＝(0, 37.49 ), together with the total stress parameters, Su W svc＝0.34 were obtained for the long-term and short-term stability analysis, respectively. In the second series, in-situ stress conditions on the collapsed slope were more closely simulated in each sample by applying initial shear stress under drained conditions (refer to Fig. 11 ). In general, in-situ soil element on a slope with angle a from the horizontal is subjected to the initial stress conditions as shown in the following;
ti＝svc cos a sin a
Figures 13 and 14 show the results ofˆve tests performed in the second series. As can be seen in Fig. 13 , each sample wasˆrst consolidated to a prescribed initial (and common) vertical stress of si＝246 kPa ( ＝300×cos 2 259 ), where the angle of 259corresponds to the averaged angle of the collapsed slope from the horizontal ( see Fig. 3) . The sample was then subjected to application of drained initial shear to the value of ti＝115 kPa (＝300× cos 259sin 259 ) by using a slower rate of horizontal shear displacement of 0.02 mm W min. The initial shear stress was then maintained constant over a prescribed period in each test. At this initial shear stage, the volume change of the sample was insigniˆcant whereas the horizontal shear displacement developed as much as 0.2 mm ( see Fig. 13 ). The sample wasˆnally sheared to failure under the conditions of constant volume by using a faster rate of 2 mm W min. The initial shear stress was maintained over diŠerent, butˆxed, periods of 1, 10, 100, 3,000 and 10,000 min, respectively. Surprisingly, the eŠective stress path was very much in‰uenced by the duration of the initial shear stress application, showing that it rose more sharply as the duration increased ( see Fig. 14) . As a consequence, the undrained shear strength Su (i.e., the maximum shear stress) also increased with the sustained period of initial shear stress. On the other hand, the eŠective strength parameters of (c?, q?)＝(0, 37.49 ) were not aŠected at all by the application of initial shear (refer to Fig. 12 ). The signiˆcant softening behavior observed in the second series suggests strongly that a catastrophic type of failure would take place once the foundation soil exceeds the peak strength. Figure 15 shows the Su value in the second series when examined against the sustained period of initial shear. Bearing in mind that the wall collapsed at 4 years after the construction, the value of 209 kPa for svc＝300 kPa, hence Su W svc＝209 W 300＝0.70, was attained by extrapolating the Su values from the laboratory test to an instant after 4 years.
SCENERIO OF THE WALL FAILURE
Based on theˆeld observations, the results of geotechnical investigation and comprehensive review of design and construction scheme of the wall, it was concluded that this particular wall was properly designed and constructed in the light of the available``design and The wall failure may be attributed to simultaneous occurrence of several, not a single, causes as listed below: i) Concentration of in-soil seepage and surface water ‰ow into the collapsed area, ii) Relatively low permeability of embankment (B1, B2 and B3 layers) as compared to the weathered rock foundation (W r0 -layer) ( see Fig. 8 ), iii) Poor drain system behind the wall in particular, iv) Low bearing capacity of the foundation, and v) Softening characteristic of the foundation soil as sheared undrained ( see Figs. 13 and 14) . It should be stressed that theˆrst three possible causes have something to do with problems of in-soil seepage ‰ow. As stated earlier, according to``design and construction manual'' in Japan like in other countries perhaps, any existence of water W water ‰ow is not considered at all in the design of the wall. In fact, however, rainfall water invaded the reinforced embankment in this case study. It was conˆrmed with the result ofˆeld observation that the degree of saturation of the collapsed embankment soil was nearly equal to 100z when examined right after the incident.
The short-term stability analysis assuming circular slip surface was carried out by using the strength parameters from triaxial UU test and constant-volume direct shear test. Figure 16 shows the short-term stability analysis performed at the central portion of the collapsed wall ( see Fig. 8(b) ). The surface water level was postulated based on in-situ measurement that was made immediately after the incident. The results of back-analysis are shown in Fig. 17 , in which the back-calculated factor of safety, Fs, is plotted against the total stress strength parameter, Su W svc. Note that Fs is close to unity (i.e., Fs＝1.1) when the Su W svc value of 0.70 is employed, whereas Fs was far less than unity when Su W svc of 0.34 from conventional direct shear test is used for the calculation. The result strongly suggests that we should use soil strength from direct shear box test in which the magnitude as well as history of initial stress conditions on the supposed slip surface are closely simulated in the laboratory. In the stability analysis performed, it was assumed that the soil behind the wall was saturated as a consequence of heavy rainfall over a short period of time. The eŠect of concentrated rainfall on the wall stability was manifested in the fact that the Fs value with dry soil (i.e., Sr＝0z) behind the wall was far greater than unity.
Regarding the sketch shown in Fig. 18 , the scenario of the wall failure could be described as: i) A great deal of in-soil and surface water poured into the collapsed area over a short period of time, ii) The water inˆltrated into the embankment and gradually stored behind the wall since the permeability of the wall was relatively small, iii) Total load increased due to the water inˆltration, iv) Seepage water pressure in the weathered rock foundation having relatively high permeability increased gradually, v) The overall stability of the embankment reduced substantially due to the water storage in and behind the wall, together with possible development of seepage pressure in the foundation soil, vi) The localized failure on the foot of the wall may have occurred due to the lack of bearing capacity, and vii) A type of circular slip occurred across the foundation. The wall failure as such could be described simply as`t he undrained shear failure of foundation since the wall acted as if a reservoir dam in the event of heavy rainfall''. Finally, it is strongly recommended that the design and construction manual should be revised properly so as to prevent any future occurrence of this type of failure. The case study described in this paper also suggests the strong need for co-operation between structural engineers and geotechnical engineers.
CONCLUSIONS
The Reinforced Earth wall that collapsed was properly designed and constructed in the light of``design and construction manual'' in Japan. Unfortunately, it was a fact that the wall failed during the heavy rainfall as Field observations immediately after the incident coupled with the result of the stability analysis corroborated the premise that the wall itself stood in a good shape till the moment of the catastrophic failure. The wall failure in this case study could be described simply as`t he undrained shear failure of foundation'' since the wall acted as if a reservoir dam in the event of heavy rainfall. Simultaneous occurrence of several causes such as concentration of in-soil seepage and surface water ‰ow into the collapsed area, low permeability of embankment, poor drain system behind the wall, etc. were supposedly responsible for the failure. It is therefore recommended that the design and construction manual should be revised properly so as to prevent any future occurrence of this type of failure induced by heavy rainfalls. In so doing, every eŠort should be made to prevent water from seeping into and near the wall.
Other lessons learnt from this unique case study are: i) Drainage system should take care not only the wall but also the embankment behind the wall, ii) The wall should be placed on rock foundation with SPT N-value more than 50, iii) The surface of the road should be temporarily paved even in the course of construction by which inˆltra-tion of surface water into the surroundings of the wall may be grossly lessened, and iv) In short-term stability analysis of the wall involving the case of rainfall attacks, it is promising to employ soil strength from direct shear box test, in which the magnitude as well as history of initial stress conditions on the supposed slip surface are closely simulated, and v) Construction of this type of Reinforced Earth wall needs sound co-operation between structural engineers and geotechnical engineers.
